Tamavidins are fungal biotin-binding proteins (BBPs) displaying antifungal activity against phytopathogens. Here we show high toxicity of tamavidins toward nematodes, insects, and amoebae. As these organisms represent important phyla of fungal predators and parasites, we propose that BBPs are part of the chemical defense system of fungi.
B
iotin is a vitamin required by all prokaryotes and eukaryotes as an essential cofactor of several carboxylases involved in central metabolic pathways (2, 22) . The biosynthesis of biotin is restricted to plants and some microorganisms; animals and other organisms are dependent on uptake from the environment, diet, or intestinal flora (1, 16, 22) .
Biotin-binding proteins (BBPs) have been identified from different organisms, including bacteria, birds, amphibians, and recently, fungi also (see Table S2 in the supplemental material). Some of these proteins exhibit one of the strongest noncovalent bonds known in nature between a protein and a small ligand (K d [dissociation constant] ϭ 10 Ϫ14 to 10 Ϫ16 M) (12) , making biotin binding irreversible and complete at equimolar concentrations (10) . BBPs have been suggested as broad-range antimicrobial agents by forming a biotin-free zone. Avidin, for example, has been proposed as an antimicrobial host defense factor against pathogen infections in chicken, as it inhibits the growth of some microorganisms, and is induced in different tissues in chicken upon injury and bacterial and viral infection (11, 14, 18) . Similarly, streptavidins are suggested to be part of a synergistic antibiotic complex in the filamentous bacterium Streptomyces (4, 8, 9) , and bradavidin from Bradyrhizobium japonicum is proposed to protect the host plant from microbes, insects, and other herbivores (19) . Finally, avidin and streptavidin added to diet-based bioassays and expressed transgenically in plants have shown to be highly toxic to many insect species (6, 10) .
On the basis of the broad antimicrobial and insecticidal activity of avidin and streptavidin and the recent evidence for a proteinmediated defense of fungi against predators and parasites (5, 20), we tested whether the recently identified BBPs from the edible mushroom Pleurotus cornucopiae, tamavidins 1 and 2 (24), may serve as effector proteins of fungal defense. Both proteins were previously reported to inhibit the growth of the phytopathogenic fungus Magnaporthe grisea in culture medium (24) and to confer resistance to the blast fungus Magnaporthe oryzae in transgenic rice (23) . In this study, we assayed the toxicity of tamavidins toward the nematode Caenorhabditis elegans, the amoeba Acanthamoeba sp., and the insect Drosophila melanogaster as these organisms represent three of the most important groups of fungal antagonists in nature (17) .
Tamavidins 1 and 2 were expressed as soluble proteins in the cytoplasm of Escherichia coli BL21 as described previously (24) . Biotoxicity of the fungal BBPs was assessed by feeding the recombinant E. coli cells to C. elegans and Acanthamoeba sp. as previously described (15, 20) and by adding purified recombinant tamavidin 2 to the rearing medium of D. melanogaster as described in Method S3 in the supplemental material and in reference 21.
E. coli cells expressing tamavidin 1 and tamavidin 2 were highly toxic to both C. elegans and Acanthamoeba sp. fed on these E. coli cells. When exogenous biotin was added to the C. elegans bacterial suspension (20 g/ml), the antinutritional effect of the tamavidins was completely abolished, and all larvae developed normally (Fig. 1A) . In the case of Acanthamoeba sp., the addition of exogenous biotin (10 g/ml) partially abolished the antinutritional effect of the tamavidins by increasing approximately five and two times, respectively, the clearing area of amoebae feeding on tamavidins 1 and 2 (Fig. 1B) . Tamavidin 2 was toxic to D. melanogaster when added to the rearing medium, significantly reducing the number of pupae and flies in comparison to the bovine serum albumin (BSA) control. The addition of exogenous biotin to the medium (26 g/ml) completely rescued the development of pupae and flies (Fig. 1C) .
In general, the toxicity of BBPs is thought to be based on their high affinity and low dissociation for biotin, which makes this essential nutrient unavailable for the antagonists (18) . When a BBP is, for example, ingested by insects like D. melanogaster at an equimolar concentration or above the concentration of coingested biotin, no biotin remains for absorption, and it cannot be released from the complex, as BBPs are resistant to proteolysis (10) . As expected and suggested by our results, this antinutritional effect can be at least partially abolished by addition of an excess of biotin to the food containing BBP. In the case of amoebae, it was previously shown that several soil amoebae require biotin for growth and that the addition of avidin to the medium affects the growth of amoebae in culture (3). In our bacterium-based assays, it can be assumed that the nematodes and amoebae obtain biotin from the ingested E. coli, as no other source of vitamins is available in the assays. However, when tamavidin-producing E. coli cells are ingested, tamavidins probably bind to all biotin available, affecting growth and survival of the feeding organisms. Similar to the experiments with D. melanogaster, the addition of extra biotin to the medium reduced the toxic effect of tamavidins in these cases. To our knowledge, the toxic effect of tamavidins toward C. elegans is the first demonstration of the susceptibility of nematodes to BBPs.
The observed toxicities suggest that the fungal BBPs play a role as effectors in the defense of fungi against insect, nematode, and amoebal predators and parasites. A similar role has recently been proposed for fungal lectins (5) and protease inhibitors (20) . Besides their toxicity, these proteins share other features, e.g., the lack of a signal sequence for classical secretion, their low molecular weight, their resistance to oxidation, high temperature, and proteolysis, and their abundant expression in fruiting bodies. The lack of a secretory signal in the tamavidins contrasts with other members of the avidin superfamily but is in agreement with the proposed mechanism of protein-mediated defense in fungi (5) . According to this model, the tamavidins would be kept innocuous by being sequestered to the cytoplasm (see Discussion S5 in the supplemental material). Upon disruption of the fungal cell during fungivory, the tamavidins would be released and bind to the biotin that is available in the digestive tract of the fungivore before it is absorbed by the intestinal epithelium. Such an antinutritional mechanism has also been proposed for protease inhibitors functioning as fungal defense proteins. These proteins are believed to inhibit gut proteases of fungivores necessary to digest ingested proteins (20) . Fungal defense lectins, on the other hand, function in a more direct way. Although the exact mechanism of lectinmediated toxicity is not well understood, the toxicity is known to be dependent on binding of the lectins to specific glycoepitopes displayed on the surfaces of epithelial cells of the fungivore (7, 25) . This binding of toxic lectins to epithelial cells causes damage of the epithelial cells and expansion of the intestinal lumen (7, 21) . In contrast, nematotoxicity caused by the antinutritional effect of the tamavidins does not result in morphological changes of the intestine (Fig. S4 ). In conclusion, BBPs would be the only fungal defense protein identified so far that do not directly interact with a cell or molecule of the target organism but act indirectly by sequestration of an essential component of the food.
Large-scale sequencing of fungal genomes has revealed the presence of genes coding for BBPs homologous to tamavidins in other basidiomycetes besides P. cornucopiae (13) (see Fig. S1 in the supplemental material). The phylogenetic distribution of these genes is random and does not follow an obvious pattern (data not shown). Such a "patchy" distribution is typical for genes that are not involved in conserved physiological processes but rather function in biotic and abiotic interactions. Accordingly, the same type of distribution is observed for the genes coding for fungal defense lectins and protease inhibitors (5, 20) . In conclusion, we propose that cytoplasmic biotin-binding proteins constitute a novel class of effector proteins in fungal resistance and/or defense against antagonists. 
